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Abstract 


In the present work, Electric Discharge machining process has been investi- 
gated to study the effects of electrode materials and polarities on the material 
removal rate. The pointed heat source model (PHSM) for cathode erosion has 
been evaluated by the experimental results for four sets of electrode pair i- e -> 
MS(-ve)/MS(+ve), Cu(-ve)/Cu(+ve), MS(-ve)/Cu(+ve) and Cu(-ve)/MS(+ ve ) 
systems. It has been suggested that the PHSM can be used to estimate the 
erosion rate from the cathode material with a fair degree of accuracy provided 

r 

it is assumed that the fraction of energy going to the cathode is a function o 
energy input per pulse into the system. Some logical justification is given for the 
above assumption. The material removal rate of cathode is more than the anode 
in MS(-ve)/MS(+ve),Cu(-ve)/Cu(+ve) and MS(-ve)/Cu(+ve) systems. But in 
Cu(-ve)/MS(+ve) system the erosion rate of anode is more than that of the cath- 
ode. Few of the experimental results have been found comparable to the results 
of other researchers. It has been observed that Cu anode always results in higher 
amount of material removal rate from cathode (MS or Cu) compared to MS as 
anode. It is found that, greater fraction of input energy gets distributed to the 
electrodes in Cu(-ve)/Cu(-Pve) system when compared to MS(-ve)/MS(+ve) sys- 
tem . The sum of erosion rates from the electrodes in MS(-ve)/Cu(+ve) system is 
significantly greater than that in the Cu(-ve)/MS(+ve) system, thus establishing 
a special place for copper anode, as compared to steel. Finally, it has been con- 
cluded that the distribution of energy per pulse to the electrodes and dielectric, 
and hence the erosion rates, depends significantly on the electrode material pair 
as well as the polarity of the electrodes. 
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Constants for the wear ratio 

Constants in the average discharge current equation 
Cohesive energy 
Specific heat (J/Kg°K) 

Total energy input at the interelectrode gap (J) 
fraction of power lost to an electrode 
Average discharge current (amp) 

Thermal conductivity (' \V/m°K ) 
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Chapter 1 

INTRODUCTION 


1.1 Introduction 

Electric discharge machining (EDM), also called as Electric spark machining, 
occurs when a succesion of discrete spark discharges between an electrode and a 
work material results in preferential erosion of the work-material. To achieve an 
effective material removal in a controlled manner presence of a suitable dielectric 
fluid between electrode and the work- material and a direct current power source 
are important elements of the process. Kerosene is a very common dielectric 
fluid used. Thermal energy available in discharge pulses is the basis that causes 
the material removal. When discharge occurs the intense heat generated melts 
and evaporates the material of the two electrodes and also some debris that have 
become available in the sparking gap. 

Fig. 1.1 shows the basic scheme of the process. In resistance and capacitance 
type of ciucuit an applied voltage of about 200 Volts across a typical gap of 20 
to 40 urn causes the dielectric to breakdown. The voltage falls to about 25 Volts 
after the breakdown. The required discharge conditions can be stabilized by using 
the servo-controlled feed of the tool electrode to maintain a small working gap. 
In this situation the forming electrode(tool) reproduces its comlimentary shape 
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Servocontrol 



upon the workpiece. It is observed that polarity determines the rate of material 
removal. When the pulse duration is very small, typically less than 1 micron, the 
positive electrode erodes faster than the negative electrode. But for larger pulse 
duration’s it is the nagative electrode which erodes faster. And this is true even 
for similar materials with few exceptions. For this reason in die-sinking machines 
the work is connected to the negative electrode while in wire EDM machines the 
wire is connected to the negative terminal of the d.c. supply. This aspect of 
polarity is discussed later. 

As discharge occurs preferentially at the closest locations between the two 
surfaces, the sparks wander in a random manner all over the surface. This re- 
sults in uniform material removal over the entire surface and gradually producing 
a replica of the tool surface into the work-surface. Obviously, only electrically 
conductive materials can be machined. The process is of great utility in machin- 
ing very hard and tough metals and alloys including ceramics. Although both 
the electrodes get eroded, the process conditions are usually adjusted in such a 
manner as to limit in wear of tool electrode to about one percent or less of the 
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work-piece erosion. 


1.1.1 Pulse Generation 

The type of pulse generation system selected for EDM purpose would essentially 
depend upon the application. 

(i) Low energy range (per spark) systems are selected when the objective is to 
remove small amounts of material as in finishing operations. 

(ii) For medium and rough machining purpose, controlled pulse generators are 
used. In these systems the pulse duration, pulse profile and repetition time can 
be controlled and suitably selected. 

(i) Low energy range systems Resistance-capacitance relaxation circuits with 
a constant d.c. source represent this class. Supply voltages used range from 
100 to 500 Volts and peak currents are upto 1000 amps. Energy supplied to 
the gap between electrodes is determined by the breakdown voltage (F) and the 
capacitance ( C ). 

The pulse form and pulse time depend upon the impedance of the discharge 
circuit, including capacitor and there is little control that can be exercised. In 
these systems the charge cycle is long compared to discharge time which results in 
low time utilization of the cycle, hence low efficiency. Also, the reverse half wave 
can lead to increased tool wear. Since material removal rate with these circuits 
is low, these systems have preferential use in finishing applications. 

(ii) High energy rate systems: In controlled pulse generators, pulse dura- 
tion and repetition time can be selected and controlled independent of spark 
conditions leading to more efficient time utilization. The characteristics typical 
pulse generator circuit is shown in Fig. 1.2. Also Fig. 1.3 shows the types of pulses 
obtained in EDM using these machines. 

In these generators energy from a d.c. source (60 - 120 V) is supplied to the 
working gap via a resistor and electronic switch. The magnitude of current level 
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is determined by the power supply voltage, arc voltage and the resistor. Currents 
range from 1 amp to 100 amp. Pulse times obtainable are in the range of 0.1 
microsec to several millisecs. The pulse shape is usually rectangular. The relative 
tool wear is kept low by utilizing suitable pulse time-pulse current ratios. A non- 
rect angular pulse like a trapezoidal one results in very low relative tool wear. 
Controlled pulse circuits provide an important feature of automatic stoppage of 
current flow when a short circuit occurs. Discharge pulses produced by generators 
as against those from relaxation circuits are unidirectional and hence do not have 
the disadvantage of reverse material removal. Thus, tool wear is inherently less. 
This leads to improved reproduction accuracy and higher material removal rates. 

1.1.2 Spark Frequency 

While an arc is a stable thermionic phenomenon, a spark is a sudden transient 
and noisy discharge between two electrodes. The latter situation occurs in EDM 
process. Discharge of approximately 1 micro-second to 1 milli-second are encour- 
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ages in EDM process. Shorter duration sparks have less energy and consequently 
remove less material and give better surface finish. However, if the ratio of pulse 
duration (t on ), also called as on-time, to pulse cycle time ( t c ) is increased, prob- 
ablity of arcing is seen to increase, especially for low values of pulse duration. 
Hence, to avoid arcing, pulse cycle time should be increased. What this implies 
is that sufficient time needs to elapse before the dielectric quenches the spark and 
is ready for the next spark. Arcing can also be avoided by periodically widening 
the working gap to facilitate flushing. 

1.1.3 Change from sparking to arcing 

Sparking is the ideal machining condition as it gives controlled erosion of work- 
piece. It is a condition in which several successive sparks are formed each time 
a voltage pulse is successfully discharged across a gap. These sparks occur in 
rapid succession and in randomly changing positions resulting in fairly uniform 
material removal. 

Arcing on the other hand is one heavy discharge of energy lasting for most 
of the pulse time. This is concentrated in one place to give uncontrolled erosion 
which can severely damage workpiece and electrode. With arcing it is impossible 
to get good surface finish. Trapezoidal pulse waveform is found to be more 
efficient than rectangular. However, the latter being easier to produce are more 
commonly employed. A trapezoidal pulse in which the current is large at the 
begining and declines linearly produces a crater volume for a single spark that is 
almost three times that obtained with the standard rectangular pulse. Conversly, 
using a pulse with higher current towards the end, machining rate is lower while 
electrode wear is also lower and surface finish is better. Therefore design of an 
optimum pulse profile is of research and application interest. 
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1.1.4 Ignition Process 

In a typical EDM operation discharge occurs across a narrow gap between the 
two electrodes when a field strength of about 10,000 V/mm to 100,000 V/mm is 
established. Discharge, however, occurs only some time after the supply voltage 
is impressed across the electrodes. This delay is referred to as ignition-delay and 
can last several micro-seconds. Electrons leaving the cathode by field emission 
and traveling towards anode result in heating of the fluid available in the gap. 
After the ignition delay there is local evaporation of the fluid. This produces 
gas bubbles within which breakdown occurs. When gas bubbles are available, 
collisional ionisation is also possible, which reduces the resistance of the local 
current path resulting in considerable increase in field strength. This will increase 
the dissipated energy and the temperature at the cathode surface increases. This 
results in transition from field emission to thermal emission which causes an 
increase in current density upto about 10,000 A/mm 2 . 

Low boiling point and low specific heat of dielectric fluid like kerosene, facil- 
itates its evaporation and hence the ignition process. Presence of impurities in 
the working gap cause an increase in the field strength thereby facilitating the 
field emission. It is estimated that for a current density of 10,000 Aj mm 2 , the 
field strength near the cathode is about a million V/mm. Since the voltage drop 
across the gap is about 20 V, the region of this order of voltage drop has to 
be very small (5 nm). Such a small magnitude implies that the heat source are 
virtually acting on the surface of electrodes. 

Electric field between the electrodes tends to increase when the voltage across 
them is increased and gap is decreased. When the field reaches a certain level, 
electrons get emitted from the cathode. The emitted electrons, together with 
any available in the gap, are accelerated by the applied field ionizing the neutral 
particles in their path. The newly generated electrons and ions also get acceler- 
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Figure 1.4: A schematic diagram of the EDM process showing the circular heat 
source, plasma configuration, and melt cavities after a certain on-time 

ated towards the anode and cathode respectively causing further ionisation and 
a chain reaction occurs producing an avalanche of ions. The region in which this 
avalanche occurs is called plasma channel. Fig. 1.4 is a schematic diagram showing 
the plasma region. 

Conditions are then right for a spark to be initiated between the electrode 
and work. Some atoms and ions are excited by collision leading to emission of 
light. Part of this light is used in the photo-ionisation of neutral particles, the rest 
enable the spark to be seen. It takes about 10 ns to 20 ns for the full development 
of the spark. After the spark is initiated, it can be maintained at a much lower 
voltage. Most of the voltage drop occurs between the electrodes and the channel 
and negligible drop occurs across the channel. 

Due to the complex activities in the plasma channel, a very high temperature, 
between 8000-12000 °C, is reached rapidly causing instantaneous melting of the 
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electrode and work-material. As the temperature continues to rise, a gas bubble 
of increased pressure is formed. At the end of the pulse when electricity is cut-off 
the bubble explodes to create dynamic forces which eject the molten metal from 
the eroded crater. A percentage of the metal is carried away in the dielectric 
fluid which is continuously flushed through the gap. The remainder settles on 
the surface of the crater. 

1.1.5 The Plasma region 

The situation in the plasma channel is complex, with fast moving electrons, ions 
and neutral particles all interacting under electrostatic forces and collision. Some 
atoms and ions excited by collision leading to emission of light. Part of this light 
is used in the photo-ionisation of neutral particles. The rest enable the spark to 
be seen. In a dielectric fluid only an extremely short time (10 ns to 20 ns) are 
adequate for full development of the spark. After the spark is initiated it can be 
maintained at much lower voltage. Most of the voltage drop occurs between the 
electrodes and the channel and negligible drop occurs across the channel. 

1.1.6 Mechanism of EDM process 

A plasma channel, surrounded by a vapor bubble grows during the on-time is 
usually less than 100 micro-secs. The surrounding dense liquid dielectric restricts 
the plasma growth. Input energy ( Ult on ) is thus concentrated in a very small 
volume. The local plasma temperature as high as 40,000 °K are reached. Dy- 
namic plasma pressure rises to as high as 3 kbar due mainly to inertia (density) 
effects. Viscosity effects are thought to be responsible for the plasma shape of 
Fig. 1.4 

The following features of EDM process have been visualized: 
i) During the pulse on-time the high energy plasma melts both electrodes by con- 
duction, but limited electrode vaporization occurs due to high plasma pressure. 
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Figure 1.5: The difference between anode and cathode erosion rates with different 
On-times (not to scale) 

ii) Anode first melts rapidly due to absorption of fast moving electrons at the 
start of the pulse, but then begins to resolidify after a few microseconds. This 
is thought to be due to expansion of plasma radius at the anode resulting in 
decrease in local heat flux at anode surface. 

iii) Melting of cathode is delayed in time by one or two orders of magnitude be- 
yond that of the anode due to lower mobility of positive ions. 

iv) Since cathode is emitting electrons the plasma radius at the cathode is also 
much smaller, thereby approximating a point heat source for conduction into its 
interior. 

v) The current density decreases strongly with increasing depth beneath the elec- 
trode surface. Hence the temperature rise in the electrodes due to Joule heating 
is found to be negligible. 

vi) At the end of on-time (t m ), pause time (t off ) begins when power is terminated 
to the machine. During this time a violent collapse of the plasma channel and 
vapor bubble occurs, causing the super-heated, molten liquid on the surface of 
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both the electrodes to explode into the liquid dielectric. This leaves cavities of 
usually less than 100 / im in width on the electrodes thus leaving an ultra-smooth 
finish. 

vii) Fig.1.5 shows how the erosion rate curves for cathode and anode cross over 
at about 0.5 //sec for a particular case. 

viii) For die-sinkers the cathode is usually the workpiece and anode the shaping 
tool. The optimum pulse times of 10 to 100 //secs are used. 

ix) For such long on-times, anode erosion is low due to resolidification. 

1.2 Literature Review 

Several authors have considered the physical events during EDM process and pro- 
vided explanations to the discharge and erosion phenomenon [1-8]. Mathematical 
modeling of the process is generally done on the basis of isolated single sparks 
[6,9-16]. However successive discharges have significant effect on the machining 
performance [3-6]. It would be very difficult, if not impossible, to consider their 
effect on the physics of single sparks. Extension of the physics of single spark- 
s to the engineering applications i.e., multiple sparks, can be achieved by an 
appropriate statistical analysis of pulse trains [4]. 

Heuvelman et al. [9] have conclusively shown that the breakdown mechanism 
in EDM is not caused by the collisional ionisation of the liquid molecules as 
the mean free path in liquids is comparitively small. They have also shown 
that the ignition delay strongly depends on the energy per unit volume added 
to the gap, which implies that the ignition delay is strongly dependent on the 
gap width. They thus propose that it would be better to use ignition delay as 
a sensor for the servo-system instead of the voltage drop across the electrodes. 
Eubank et al. [16] have provided a quantitative proof that super-heating is the 
mechanism responsible for erosion in EDM. Snoeys et al. [17] have shown that 


11 



there exist a fairly good correlation between the sum of the discharge durations 
per sec and the material removal rate indicating that a measurement of the total 
effective discharge duration could be a reliable in-process measurement of the 
material removal rate. 

Vaseekaran et al. [8] have studied the spark erosion in TiB 2 and Zn on the 
basis of the effects of the tool electrode geometry, input energy and electrode 
polarity. Guerrero- Alvarez et al. [3] have studied the electro erosion phenomenon 
of Fe and Zn by SEM analysis. Cathode craters were always found to be larger 
than anode craters irrespective of the discharge energy or che electrode material. 
Cross-deposition from cathode to anode in all samples was larger than the cross- 
deposition from anode to cathode, independent of energy and material. However, 
higher concentration of cross-deposited metal is found at the rim of the crater 
than in the central region due to radial pressure gradient of the discharge column. 

Longfellow et al. [18] have studied the behaviour of electrode material prop- 
erties on the wear ratio experimentally. They have postulated that the intrinsic 
physical properties of the electrode material that govern the wear ratio are 

(i) a combination of thermodynamic constants, which may be summed up in 
the single term, cohesive energy. 

(ii) Mechanical strength and toughness. 

(iii) Ratio of evaporation temperature (in °K) to melting temperature and 

(iv) Electrical resistivity. 

The electrode of low resistivity would absorb less thermal energy from re- 
sistance heating than one of high resistivity, thereby making available additional 
energy for heat generation and subsequent erosion of material from the workpiece. 

They have given the ralation for wear ratio (W.R.) as 

lT.i?(anode erosion rate/ cathode erosion rate) = A 
where C.E is the cohesive energy of the material in kcal/mole and A and B 


C'.JS'(cathode) 
C.E( anode) 
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Anode 

A 

B 

Zn 

1.85 

31.2 

Cu 

0.39 

81.1 

Fe 

0.40 

99.5 

Mo 

1.55 

157.5 


Table 1.1: Constants for wear ratio as reported by Longfellow et al. [18] 

are constants for a particular workpiece (anode) whose values are given for a few 
anode materials in Table 1.1. These constants have been obtained for few specific 
anode (work) material and tool materials (cathode) using regression analysis. The 
utility is of limited application. 

Few experimental observations in the present work also conformed to this 
relation [Sec2.3.1]. 

At low pulse times it has been postulated that electrical forces are respon- 
sible for the material removal [6-8]. However studies at high pulse times shows 
that thermal properties are more effective than mechanical properties in the ED- 
M process , and the predominent thermal phenomenon is voporization, rather 
than melting [3,6-8,18]. Depending on the discharge condition and the materi- 
al, material equivalent to 10-15% of the final crater volume vaporizes [2,7]. The 
molten material cannot be removed completely because of surface tension, tensile 
strength and bonding force between the liquid and solid phase [7,8]. 

Guerrero-Alvarez et al. [3] have observed a decrease in removal efficiency at 
higher energy. This is explained on the basis of electrode gap spacing which 
increases at higher energies in order to maintain the breakdown field constant. 
As the length of the discharge column is increased , the amount of heat loss, 
the radial diffusion of ions, and recombination occurring between the anode and 
cathode drop region also increases. Hence the removal efficiency decreases at 
higher energies. 
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George et al. [5] and Albinski [19] have suggested that in order to increase 
the work erosion rate, the polarity of the electrodes has to be determined exper- 
imentally, which depends on tool material, work-material, area and pulse length 
combination. Heng et al. [20] have proposed a new kind of pulse waveform, known 
as the polarity-change pulse. The workpiece polarity was changed from positive 
to negative without allowing plasma extinction during the discharge. He observed 
greater work-piece removal rate and smaller tool erosion ratio. Erden et al. [2] 
have indicated that for different pulse durations, there may be different optimum 
pulse shapes. 

Many authors [5,7,8] have studied the effect of debris concentration on erosion 
and electrode wear. Vaseekaran et al. [8] have reported that the debris tend to 
move into the discharge channel under the influence of electric field in the gap, 
leading to rapid fluctuation in the resistance. Erden [7] has observed that addition 
of metal powders like .4/, Cu and Fe in Kerosene dielectric liquid increases erosion 
rate of both tool and workpiece. However carbon usually results in decrease in 
the erosion rate. George et al. [5] have observed a higher amount of tool(anode) 
wear with clean dielectric compared to unfiltered and contaminated liquid. 

Study of the effect of dielectric composition on the machining rate [21] has 
shown that, in general with other conditions being equal, the lowest material re- 
moval rate is obtained with oils. It has also been observed that a high efficiency 
is achieved with Kerosene and it is increased even more with light alcohols and 
some derivatives of benzene. Thermal capacity of the dielectric fluid is responsi- 
ble to alter the proportion of heat transmitted through the electrode and hence 
influence the erosion and erosion ratio of the electrodes. 

George et al. [22] have observed a reduction in machining rate with the use of 
dielectric flushing. However Snoeys et al. [17] have observed almost no effect of 
dielectric flushing on material removal rate. Konig et al. [6] have reported that 
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the energy stored in a dielectric fluid follows a curve similar to the sum of erosion 
and wear rates. Erden et al. [23] have examined and compared eight different 
thermo-mathematical models for electrode erosion by different reserchers. 

Some researchers have studied the energy distribution at the electrodes. It 
has been reported that the fraction of power going to the cathode depends on 
the pulse shape, current, pulse duration and type of machining i.e., rough or 
fine [2.6,7]. Erden [7] has reported that the fraction of power going to the cathode 
depends on the work function of the material and to some extent on its atomic 
weight. However DiBitonto et al. [14,15] have considered that the fraction of 
power going to an electrode is nearly constant for a particular electrode in a 
particular dielectric liquid and is independent of current and pulse time. 

1.2.1 Present state of theoretical models for estimation of 
erosion rates 

A host of researchers have attempted to model the EDM process to estimate the 
erosion rates and were successful at varying degrees. Some of these are discussed 
below. 

Van Dijck et al. [10] obtained the crater volume in EDM by numerically solving 
a thermal model. The computational procedure was based on the exact solution 
of the related two-dimensional transient heat conduction problem in a finite or 
semi-infinite body subjected to a stepwise or time-dependent uniform heat flux 
over a small circular part of its upper surface. It is shown that the theoretical 
model should include the possibility of accounting for the plasma channel widening 
in-order to obtain acceptable agreement with experimental data or to predict the 
optimal operating conditions. 

Pandit et al. [11] modeled EDM process from surface roughness profiles by 
using data dependent system approach. This method bridges the gap between 
single discharge approach and the time-averaged approach by defining and ob- 
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taining a “characteristic crater” from EDMed surface profiles. The characteristics 
crater accounts for the randomness of the process and includes the effect of mu- 
tual interactions and successive dependencies within a train of discharges in the 
practical domain of electric-discharge machining. 

McGeough et al. [12] developed a macroscopic model based upon the assump- 
tion that the time dependent electric field can be replaced by an electrostatic field, 
and the experimental observation that the dielectric breakdown process would s- 
tart only if the electric field is more than a critical value. They also assumed that 
the material removal from the tool and work-piece is proportional to the energy 
transmitted by the spark. The overall shapes of the tool and the work-piece were 
determined by solving the Laplace equation of electric potential. 

Later Pandey et al. [13] have calculated the crater volume by modifying the 
two-dimensional disk heat source model by accounting for the growth of the plas- 
ma channel during the pulse On-period. This consideration has led to a marked 
improvement in the results and correspondence between the theoretical and ex- 
perimental data. The analytical results also demonstrate the effect of electrode 
material on the rate of plasma channel growth. This model also enables one 
to obtain the thickness of heat-affected zone and the extent of thermal damage 
suffered by the electrode material due to a single spark with a fair degree of 
accuracy. 

A detailed modeling was adopted by DiBitonto et al. [14,15] to find out the 
material removal rate from both the anode and the cathode. Separate models for 
cathode and anode erosions were considered. These models are largely based on 
the actual experimental observations of several previous researchers on sparking 
phenomenon in closed chambers. Expanding circle heat source model (ECHSM) 
was developed for anode erosion and point heat source model (PHSM) for the 
cathode erosion. These two models take into account the fraction of power dis- 
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tributed between the two electrodes, which in-turn depends upon the electrode 
materials and dielectric fluid. Therefore this model takes into consideration the 
effect of dielectric and the effect of one electrode material over the erosion rate of 
the other electrode. 

In the present work, the point heat source model (PHSM) is considered as the 
basis for studying the experimental results for the cathode erosion rates, for few 
similar materials and dissimilar materials. 

1.3 Objective and Scope of the present work 

An important consideration in Electric Discharge Machining is to determine the 
polarity of the electrodes so that the resulting erosion rate of the work is higher 
than that of the tool. As this may depend upon the pulse on-time, as discussed 
in Secl.l selection of the polarity vis-a-vis the materials of the work and tool 
electrodes involved needs to be established for each combination. Generally, in 
die-sinking operation the steel workpiece is connected to the negative polarity. 
This however, would depend upon the tool electrode material also. 

The objective of the present work was therefore chosen to investigate : 

1. How the pointed heat source model (PHSM) presented in Sec3.1 can be 
applied to explain the erosion rate of copper and steel electrodes. 

2. How this erosion rate of cathode can be affected by the material of the 
anode, and 

3. whether, for a given tool-work combination the sum-total of the eroded 
volumes remains invariant with the associated polarities. 

The studies were limited to the mild steel/ copper system. 
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Chapter 2 


EXPERIMENTAL 

OBSERVATIONS 

2.1 Experimental Setup 

The EDM machine used was R-35 generator supplied by Electronica, Pune, In- 
dia. The base unit of the machine supports the discharge cell which contains 
the dielectric and the fixture to hold the work-piece. A continuous flow of the 
dielectric was maintained by a pump. The workpiece was mounted in a suitable 
fixture. The tool electrode was mounted in a collet. Longitudinal feed of the 
tool electrode was maintained with a servo-motor. The inter-electrode gap was 
maintained constant with the servo-motor. An electronic weighing machine was 
used to measure the weight of the tool electrode and the work-piece. 

During the trial experiments it was observed that the average current during 
discharge varies with pulse on-time. The variation is much at low pulse time, 
however it remains almost constant for higher pulse times. In the present s- 
tudy, average current for each particular pulse time was estimated and has been 
considered as a dependent parameter. 


18 



Nomenclature 

Tool(+ve) 

(anode) 

Work-piece(-ve) 

(cathode) 

Figure No. 

Remarks 

Case A 

MS 

MS 

Fig-2.1,2.2, 

2, 3, 4.2, 4.5 

Similar 

electrode 

materials 

Case B 

Cu 

Cu 

Fig-2.4,2.5, 
2.6, 4.3 

Case C 

Cu 

MS 

Fig-2.7,2.8, 
2.9, 4.4 

Dissimilar 

electrode 

materials 

Case D 

MS 

Cu 

Fig.2.10,2.11 

2.12 


Table 2.1: Electrode pair combinations 

2.2 Test and measurement procedure 

The tool electrode was connected to the positive terminal and the work-piece 
to the negative terminal. Side flushing was done to remove the debris from the 
inter-electrode gap and hence avoid possible short-circuiting. Following were the 
test conditions used, 

Tool size and shape : 5 mm diameter cylindrical 
Work-piece : 

Mild-Steel strip : 25 mm x 25 mm x 8 mm(thick) 

Copper block: 25 mm cube 
Dielectric : Kerosene 
Discharge voltage : 40 V 
Input current : 22 amp 

Time of machining : 15-20 min (depending on the test) 

Weight loss method was used for estimating the amount of material eroded during 
a machining operation. The work-piece was mounted on the fixture and tool 
electrode was held in the collet. Initially the tool was brought down with the 
help of servo-motor so that it touches the work-piece electrode. To ensure a 


19 



constant inter-electrode gap throughout the tool is lifted up to maintain desired 
inter-electrode gap using a feeler gauge. Dielectric pump was switched on and 
once the level of dielectric reached above the safe limit indicated by the indicator, 
supply voltage was impressed across the tool-work gap. The tests were performed 
for pulse times varying from 2 psec upto 200 psec. At each of the pulse times 
used, the average current was noted down to an accuracy of 1 amp. After 15- 
20 min of machining, the weight of both the electrodes was measured with an 
electronic weighing machine which accurates up-to 0.001 g and hence the amount 
of material eroded was measured. The erosion rates for an electrode was estimated 
by dividing the material eroded for that electrode by the duration of machining. 
Tests were repeated three times for each t on and the average value estimated. 

The above procedure was repeated for four sets of electrode pairs, as shown 
in Table 2.1. The duty-cycle for all the experiments was kept constant at 10. 
A calibration chart supplied by the manufacturer (given in appendix A) gives 
the pulse off-time for different on-times for a particular value of duty cycle. The 
amounts of material lost are presented in Table 2. 2, 2. 3, 2. 4 and 2.5 for Case A, 
Case B, Case C and Case D, respectively. 

2.3 Electrode Erosion Rates 

2.3.1 Similar Electrode and work Material 

Case A ( MS/ MS system): 

Cathode - Mild Steel 
Anode - Mild Steel 

The experimental observations for the MS/MS system is presented in Table 2.2 
Average Current Vs Pulse on-time ( MS/MS system) 

Fig.2.1 shows the variation of average current with pulse on-time observed in 
this case when both the electrodes were of mild-steel. In these experimentations, 
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S.No. 

Pulse 

On-time 

(psec) 

Pulse 

Off-time 

(psec) 

Average 

Current 

(amps) 

Material Removal Rate 

Work-tool 
erosion ratio 
(WTER) 

MS(-ve) 
(mm? J min) 

MS(+ve) 
(mm 3 /min) 

1 

2 

5 

3 

0.245 

0.109 

2.24 

2 

5 

7 

13 

1.129 

0.414 

2.725 

3 

10 

7 

15 

1.387 

0.518 

2.675 

4 

20 

8 

15 

1.361 

0.506 

2.687 

5 

100 

22 

15 

. 0.779 

0.498 

1.56 

6 

200 

40 

15 

0.636 

0.445 

1.43 


Table 2.2: Experimental data for Case A: Cathode - MS; Anode - MS 
the current passing through the gap during machining process was found to rise 
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Figure 2.1: Average discharge current for MS(-ve)/MS(-fve) 


and stabilizes in accordance with the following ralation of the type I = a — 
b exp (—t on /c), value of a, b , c were obtained using the software GNUPLOT (Linux 
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version 3.5). This is obtained as 


/ = 15.023 - 39.59 (2.1) 

where t on is measured in psec and I in amp. 

Electrode Erosion rates (MS/ MS system) 

The variation of the estimated cathode and anode erosion rates against the pulse 
on-time is shown in the Fig.2.2. A least mean square error fit is obtained using a 
second order polynomial for the erosion rates of both cathode and anode against 
log of pulse on-time by using the software GNUPLOT (Linux version 3.5). The 



Figure 2.2: Electrode erosion rate for MS(-ve)/MS(+ve) system 
erosion rate for the cathode is obtained as 

V wc (Case A) = -0.371 + 1.159 ln(x) - 0.188 ( ln(x )) 2 (2.2) 

and that for the anode is 

V wa (Case A) = -0.09 + 0.368 ln(x) - 0.051 ( ln(x )) 2 (2.3) 

This figure depicts the fact that the erosion rate of the cathode (mild-steel) is 
greater than that of the anode (mild-steel) . It appears that the maximum erosion 
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rate of both the electrodes occurs in the same range of pulse on-time i.e., 20 fisec 
to 40 nsec. Beyond a certain pulse on-time (typically 40 n sec )> the erosion rate 
of cathode decreases drastically while that of the anode remains more or less 
constant. It is obvious from these results that the workpiece (MS) in this case 
should be connected to the Cathode and the tool (Cu) to the anode. This indeed 
is the practice in EDM die-sinking. 

Work- Tool Erosion ratio (MS/ MS system) 

Work- Tool erosion ratio (WTER) i.e., cathode erosion rate / anode erosion rate 
shown in Fig. 2. 3 is obtained by fitting a second order polynomial for the exper- 
imental data points against log of pulse on-time. This figure shows that WTER 
remains nearly constant at low pulse times i.e., between 5 psec and 20 n sec and 
thereafter it decreases. In the practical range of operation i.e,, maximum WTER 



Pulse On-time (micro sec) *- 

Figure 2.3: Work-Tool erosion ratio for MS(-ve)/MS(+ve) 


(between 10 n sec and 30 nsec) which is about 2.6 is quantitatively in agreement 
with the results of Longfellow et al. [18] (WTER reported by Longfellow is 2.5). 
For economical use of the process, the WTER should be maximum. Hence, when 
both the anode as well as the cathode are of mild-steel, the machining has to be 
done at lower pulse times. The inference may be extendable to machining of 
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S.No. 

Pulse 

On-time 

(nsec) 

Pulse 

Off-time 

(lisec) 

Average 

Current 

(amps) 

Material Removal Rate 

Work-tool 
erosion ratio 
(WTER) 

Cu (-ve) 
(mm 3 /min) 

Cu (+ve) 
(mn i 3 j min) 

1 

2 

5 

3 

0.288 

0.524 

0.533 

2 

5 

7 

7 

0.661 

1.637 

0.403 

3 

10 

7 

12 

1.701 

1.823 

0.933 

4 

20 

S 

14 

2.401 

1.428 

1.681 

5 

100 

22 

17 

2.557 

1.360 

1.88 

6 

200 

40 

17 

1.500 

0.914 

1.641 


Table 2.3: Experimental data for Case B: Cathode - Cu; Anode - Cu 

die-steels with softer grades of steel. 

Case B ( Cu/Cu system) 

Cathode - Copper 
Anode - Copper 

The experimental observations for Cu/Cu system is presented in Table 2.3. 
Average Current Vs pulse on-time ( Cu/Cu system) 

Fig. 2. 4 shows the variation of average current with pulse on-time when both the 
electrodes are of copper. As before, the current (I) as a function of pulse on-time 
(t on ) is obtained as 

I = 16.273 - 16.013 (2.4) 

where t on is measured in nsec and I in amp. 

Electrode Erosion rate ( Cu/Cu system) 

The variation of the estimated cathode (copper) and anode (copper) erosion rates 
with pulse on-time is shown in the Fig.2.5. As before, a least mean square error 
fit is obtained for the erosion rates of both cathode and anode. The erosion rate 
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Figure 2.4: Average discharge current Cu(-ve)/Cu(+ve) system 



Pulse On-time (micro sec) 


Figure 2.5: Electrode erosion rate for Cu(-ve)/Cu(+ve) system 


for the cathode is obtained as 

V wc (Case B) = -1.184 + 1.855 ln(x) - 0.244 ( ln(x )) 2 (2.5) 

and that for the anode is 

V wa (Case B ) = -0.02 + 1.1548 ln(x) - 0.186 (ln(x)f (2.6) 

This clearly shows that at very low pulse on-times (typically less than 5 /.isec) 
only, the erosion rate of anode is more than that of the cathode. This indeed is the 


25 





case of wire EDM operation. At all other pulse times the cathode (copper) erodes 
more than the anode (copper), which is usually the case of die-sinking operation 
in EDM. process. This trend is in agreement with the results of Heng et al. [20]. 
The maximum erosion rate of anode occurs at a lower pulse times than that 
for the cathode. However, beyond about 50 /usee, the erosion rate of both the 
electrodes(copper) remains almost constant; the erosion rate of cathode being 
higher than that of anode. 

Work- Tool erosion ratio ( Cu/Cu system) 

The variation of WTER with pulse on-time shown in Fig.2.6 is obtained as in 
Case A. This clearly shows chat the work-tool erosion ratio remains almost con- 
stant, (between 80 /usee to 200 usee) for a wide range of pulse on-time. Therefore 



Figure 2.6: Work-Tool erosion ratio Cu(-ve)/Cu(+ve) 


for economical use of the process, one will have a wide range of choice of pulse 
time when both the electrodes are of copper. However the actual set of param- 
eters will depend on other factors. In the practical working range (typically 50 
/usee to 100 /usee), the average value of WTER is about 1.7 which qualitatively 
agrees with the results of Longfellow et al. [18] (WTER reported by Longfellow is 
2.56). It is to be noted that exact comparison of results should not be expected 
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S.No. 

Pulse 

On-time 

(psec) 

Pulse 

Off-time 

(psec) 

Average 

Current 

(amps) 

Material Removal Rate 

Work-tool 
erosion ratio 
(WTER) 

MS (-ve) 
(mm 3 /min) 

Cu (+ve) 
(mm 3 /min) 

1 

2 

5 

2 

0.9423 

0.6902 

1.365 

2 

5 

7 

6 

5.076 

2.502 

2.028 

3 

10 

7 

11 

8.328 

2.736 

3.044 

4 

20 

8 

12 

11.173 

2.702 

4.135 

5 

100 

22 

13 

11.724 

1.386 

8.459 

6 

200 

40 

13 

10.312 

1.062 

9.710 


Table 2.4: Experimental data for Cathode - MS; Anode - Cu 

because there are number of factors which have an effect on the erosion rate of the 
electrodes. Some of these are composition and shape of electrodes, duty-cycle, 
machining area, amount and type of debris, type of generator, composition of 
dielectric etc [5,7,19,21,24]. 

2.3.2 Dissimilar electrode materials 

Case C ( MS(-ve)/Cu(+ve )) 

Cathode - Mild-Steel 
Anode - Copper 

The experimental observations for MS/Cu system is presented in Table 2.4. 
Average Current Vs Pulse on-time ( MS/Cu system) 

The variation of average current (I) as a function of pulse on-time (t on ), in this 
case was observed to vary as shown in Fig.2.7 and is given as 

I = 12.933 - 15.956 e 3® (2.7) 
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Pulse On-time (micro sec) 


Figure 2.7: Average discharge current MS(-ve)/Cu(+ve) system 

where t on is measured in / tsec and I in amp. 

Electrode Erosion rates ( MS/Cu system) 

Fig. 2. 8 depicts the variation of cathode (mild-steel) and anode (copper) erosion 
rates with pulse on-time. As before a least mean square fit is obtained by con- 
sidering a second order polynomial for the erosion rates of cathode and anode 
against log of pulse on-time. The erosion rate of the cathode is obtained as 



Figure 2.8: Electrode erosion rates for MS(-ve)/Cu(+ve) system 
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V wc {Ca$e C) = -4.436 + 7.853 ln(x) - 0.95 ( ln(x )) 2 (2.8) 

and that for the anode is obtained as 

V wa (Case C ) = -0.408 4- 2.177 ln(x) - 0.37 ( ln{x )) 2 (2.9) 

From this figure it is evident that the erosion rate of the cathode (MS) is always 
more than that of the anode (Cu). This is qualitatively in conformity with the 
results of DiBitonto et al. [14] for iron and Snoeys at al. [17] for die-steel . The 
erosion rate of anode attains maximum at low pulse times than that of the cath- 
ode. Between 5 /.isec to 50 nsec the erosion rate of copper (anode) is almost 
constant while that of mild-steel (cathode) increases. Beyond 50 n sec the erosion 
rate of both the electrodes decreases. 

Work- Tool erosion ratio ( MS/Cu system) 

The variation of WTER with pulse on-time is obtained as in Case A and is shown 
in Fig. 2. 9. From this figure it is clear that the WTER increases with pulse on- 
time. This qualitatively agrees with the results of George et al. [5] for die-steel. 
This means that to minimize wear of the tool and at the same time maximize the 



Figure 2.9: Work-Tool erosion ratio for MS(-ve)/Cu(+ve) system 
erosion rate of the work-piece, the work-piece (Mild-Steel) should be connected 
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S.No. 

Pulse 

On-time 

(psec) 

Pulse 

Off-time 

(psec) 

Average 

Current 

(amps) 

Material Removal Rate 

Work-tool 
erosion ratio 
(WTER) 

Cu (-ve) 
(mm 3 /min) 

MS (+ve) 
(mm 3 /min) 

1 

2 

5 

2 

0.104 

0.23 

0.452 

2 

5 

7 

9 

1.3125 

4.632 

0.283 

3 

10 

7 

13 

0.111 

0.368 

! 

0.302 

4 

20 

8 

15 

0.058 

. 

0.26 

0.225 

! 


Table 2.5: Experimental data for Cathode - Cu; Anode - MS 

to fhe cathode and tool (Copper) be connected to the anode and machining be 
done at high pulse time. This indeed is the case with usual die-sinking operation. 
Case D (Cu/MS system) 

Cathode - Copper 
Anode - Mild-Steel 

The experimental observations for Cu/MS system is presented in Table 2.5. 
Average Current Vs Pulse on-time ( Cu/MS system) 

Fig. 2. 10 shows the variation of average current (I) with pulse on-time ( t on ) ob- 
tained as in Sec2.3.1, when the cathode is Copper and anode is Mild-Steel and is 

given as 

I = 15.038 - 21.272 (2.10) 

where t„ n is measured in psec and / in amp. 

Electrode Erosion rates ( Cu/MS system) 

The variation of cathode (copper) and anode (mild-steel) erosion rates with pulse 
on-time is shown in Fig.2.11. The erosion rates of the electrodes were almost 
negligible beyond 20 psec pulse time. Hence experiments were not conducted 
beyond this time. The least mean square error fit in this case could not be 


30 







Figure 2.10: Average discharge current for Cu(-ve)/MS(+ve) system 



Pulse On-time (micro sec) 


Figure 2.11: Electrode erosion rate for Cu(-ve)/MS(+ve) system 

obtained due to lack of enough number of experimental data points. From the 
Fig. 2. 11 it is dearly seen that, contradictory to the other cases as shown in 
Case A, Case B and Case C, the erosion rate of the anode (Mild-Steel) is more 
than that of the cathode (Copper). This trend is in conformity with the results of 
Albinski [19]. Beyond 10/xsec, the erosion rate of the cathode as well as anode is 
almost negligible. The region 2-10 psec (see Fig-2.11) provided only 3 machine 
settings (2 ps , 5 ps and 10 ps). Hence the readings corresponding to 5 psec was 
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repeated 5 times. By changing the dielectric and other parameters of machining, 
the scale of erosion rates from the electrodes can be increased. But the general 
trend is. expected to be the same as in Fig.2.11. 

Work- Tool erosion ratio ( Cu/MS system) 

In this case the WTER (cathode erosion rate/anode erosion rate) decreases with 
increase in pulse on-time as shown in Fig.2.12. However it is very small. 



Figure 2.12: Work-Tool erosion ratio for Cu(-ve)/MS(+ve) system 
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Chapter 3 

THEORETICAL ESTIMATES 


1 1 the present work an attempt has been made to compare experimentally esti- 
mated erosion rates for the cathode with the theoretical estimates obtained using 
Pointed Heat Source model (PHSM) due to DiBitonto et al. [14]. 

After carefully studying the features of the EDM process as mentioned in 
Seel. 1.6, a cathode erosion model, popularly called as pointed heat source model, 
has been developed by DiBitonto et al. [14] as discussed below. 

3.1 Pointed Heat Source Model 

Assumptions for the Pointed Heat Source model : 

1. There is only one spark per pulse and the plasma radius is very small 
(< 5 microns). 

• This is strictly true only for single grain material. 

2. Effective average thermal properties of cathode material apply over the 
temperature range from solid to liquid melt. 

* This is obviously to simplify calculations. 
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3. A constant fraction (/ c ) of the total power ( UI ) is lost to the cathode, inde- 
pendent of current and pulse time. This fraction may change for different 
dielectric or electrode materials. 


• This model does not investigate this aspect at length. 

• No proof is available for its validity. 

Fig.3.1 illustrates the spherical symmetry resulting from the above assumptions 
as well as the melt front radius R(t). 

• This would be true only for a homogeneous single phase material. 

Unsteady State Conduction with 
Spherical Symmetry 


Dietetic : 



Figure 3.1: Cathode erosion of the pointed heat source model 
The governing partial differential equation for this heat conduction problem with- 


out heat generation is 


1 dT d 2 T 2 8T 
a Ot dr 2 r dr 


(3.1) 


Here o s K'r/p C p is the thermal diffusivity. The associated initial and boundary 
conditions for the above PDE are 

IC : t = 0, Vr,T = T 0 , (3-2) 
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(3.3) 


BC : t > 0, ~ Qo, for r = 0 

zx &r 

~~*^ T ~dr ~ f orr ^ ® 

BC : t > Q,r — oo,T = T 0 (3.4) 

where T 0 is the Ambient temperature of the solid and Kx is the thermal conduc- 
tivity. The resulting temperature distribution is given by 




(3.5) 


\2 y/at J 

Equ.3.5 also assumes constant current (/) during the pulse (as EDM machines 
are usually driven). At the melt radius R, 


which provides R[t). 

The melt cavity volume V c is approximated to be given by 

V, = ?tt R 3 


(3.6) 


(3.7) 


Hence the erosion rate is given by 

V» 


V, 


t 0 n T toff 


(3.8) 


3.2 Procedure used to evaluate crater volume of 
the cathode 


The theoretical (‘rater volume can be estimated by simultaneously solving Equ.3.6 
and 3.7. Equ.3.6. is used to calculate radius of the crater (R). In this equation it 
can be seen that all the parameters are either measured or known except f c i.e., 
the fraction of power lost to the cathode. 

U, /, t im are measured parameters during experimentation. 
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Kt, T m , C p and alpha are thermo-physical properties. 

The thermo-physical properties of the material [14,15] are given in Table 3.1. 
Considering the variation of thermo-physical properties over a range of temper- 
ature, a set of effective values is used. The ambient temperature (T a ) of the 



Densitv 

" 

Thermal 

Specific 

Thermal 

Melting 

Material 


Conductivity 

heat 

diffusivity 

temperature 


(kg/m 3 ) 

(' W/m °K) 

(J/kg °K) 

(m 2 / sec.) 

(°K) 

Mild Steel 

7545.0 

56.1 

575.0 



Copper 

8640.0 

367.0 

438.0 

9.698 x 10~ 5 

1356.0 


Table 3.1: Material Properties 

material is taken as 298° K. Average discharge current (/) is taken as a function 
of pulse on-time as obtained in Equ.2.1, 2.4, 2.7 and 2.10. 

DiBitonto et al. [14] have assumed that the factor f c is constant for a par- 
ticular electrode pair and dielectric. They have estimated f c on the basis of 
optimum pulse time by tuning the theoretical optimum pulse time with the mea- 
sured values by AGIE corporation corresponding to 42 nsec pulse time and hence 
calculated the theoretical optimum pulse times and corresponding erosion rates. 
Their results have shown a good agreement between the theoretical and optimum 
pulse time. But the flushing efficiency, i.e., ratio of experimental estimates to the 
theoretical estimates, have been found to decrease with decrease in pulse times. 
Their results have shown decrease in flushing efficiency, i.e., ratio of difference 
of theoretical and experimental estimates with the experimental estimates, with 
decrease in optimum pulse times. 

In the present work, it is assumed that / c is a function of energy input, the 
reason for which is justified in Sec3.4. Therefore as a first degree of approximation, 
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a linear variation of f c with energy input into the system, is considered to be 
applicable. 

3.3 Calculation of theoretical crater volume 

Theoretical crater volume is calculated as follows. Initially f c as a linear function 
of energy input is obtained by obtaining f c corresponding to the pulse times 5 
fisec and 200 //sec (points Pi and P f in Fig. 4.2, 4.3 and 4.4) as explained below. 

In the actual machining process, multiple discharges per spark occur which re- 
sult in multiple craters. Therefore for the theoretical calculations, which assume 
single discharge per spark (assumption no. 1) and hence single crater, the equiv- 
alent crater corresponding to the sum of all multiple craters in the actual process 
is taken. The radius corresponding to this crater is called as the equivalent crater 
radius and the crater volume as equivalent crater volume. 

Equivalent crater radius (R) for the pulse on-times 5 fisec and 200 fisec is ob- 
tained by substituting equivalent crater volume, i.e., experimental, corresponding 
to these two pulse on-time in Equ.3.7. These two pulse on-times are chosen be- 
cause the theoretical crater volume is calculated between these two limits and 
compared with the experimental results. Hence f c is obtained by substituting 
the obtained equivalent crater radius in Equ.3.6. Since U , I and t on are known 
at these two points, a linear function of f c with energy input (UIt m ) into the 
system is obtained. This is done for Case A, Case B and Case C and is given in 
Equ.3.9, 3.10 and 3.11, respectively. 


f c (CaseA) = 0.0068 + 0.025(17 It m ) 

(3.9) 

f c (CaseB) = 0.0464 + 0.11 l(UIt m ) 

(3.10) 

f c (CaseC) = 0.0329 + 0.065(f//i on ) 

(3.11) 


The crater radius in Case D is so low that the convergence of Equ.3.6 could not 
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be obtained and hence f c in this case is not calculated. The results of the present 
'v°rk show that f c in Case A i.e., MS(-ve)/MS(+ve) system varies from 0.0068 to 
0.0098 (see Equ.3.9). This qualitatively agrees with the results reported elsewhere 
[2] which shows the fraction of energy going to MS as cathode varies from 0.006 
to 0.002 when the current is varied from 10 to 40 amp at 20 V discharge voltage. 

Now the theoretical crater radius is obtained to an accuracy of 0.1 pm by 
substituting the obtained f c as a function of energy in Equ.3.6 and obtaining 
the convergence for different pulse times. Hence the theoretical crater volume is 
obtained by substituting the crater radius (R) in Equ.3.7. This is done for all the 
three cases i.e., Case A, Case B and Case C. 

The experimental equivalent crater volume is given by the product of erosion 
rate and pulse time (pulse on-time + pulse off-time). 

3.4 Justification for variable f c as function of 
energy input 

The distribution of energy into the system elements i.e., cathode, anode and the 
dielectric in EDM process is very complex [2,6,7,14,15], However a simplified 
analysis of the process reveals that, for a given energy input per pulse at the 
inter-electrode gap, the fraction of energy lost to the electrodes depends upon 
the quantity of energy supplied per pulse at the inter-electrode gap. This is 
explained as below. 

The nature of variation of distribution of energy to the electrodes with the 
energy supplied per pulse appear to occur in three stages as discussed below. 
Stage 1; At lower energies, most of the energy will be lost in ionisation, excitation 
and formation of plasma channel. Therefore the fraction of energy lost to the 

electrodes wilL be less. 

Stage 2: With further increase in energy at the inter-electrode gap, obviously the 
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energy component conducted into the electrodes will increase. 



Figure 3.2: Component of energy lost to the electrodes 

Stage 8: However a further increase in energy does-not give a significant increase 
in the fraction of energy conducted to the electrodes because the additional energy 
supplied will be lost in maintaining the plasma channel, further melting of the 
molten material, and evaporation of the dielectric fluid [6]. Obviously with further 
increase in energy, the fraction of energy lost to the electrodes will decrease. 

The above discussion can be summarized as shown in Fig.3.2. The fraction of 
power lost to the cathode (/ c ) in Equ.3.6 is identical to the fraction of energy lost 
to the electrodes. Hence, from the above discussion it is justified that the fraction 
of power lout to the cathode is a function of energy supplied at the inter- electrode 
gap. 
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Chapter 4 

RESULTS AND DISCUSSION 

4.1 Average Discharge Current 

Fig.4.I shows the variation of average current with pulse on-time duiing a dis- 
charge observed in all the four cases (see Table 2.1). In all the four cases, the 
nature of variation of average current with pulse on-time is similar i.e., it first 
increases rapidly and after about 20 / isec remains nearly constant. On changing 
the electrode material and polarity of the electrodes, the average current changes, 
when all the other machining condition are kept the same. Since the average cur- 
rent results due the flow of electrons at the inter-electrode gap, it can be said that 
the resistance to the flow of electrons changes with change in electrode material 
and polarity. Upto 20 fxsec, the resistance to the flow of electrons appears to 
follow the order as shown below. 

Case C > Case B > Case D > Case A 

However, beyond about 20 /isec, the order of resistance to the flow of electrons is 

Case C > Case A > Case B 

(the current in Case D beyond 20 nsec is not measured because the erosion rates 

were very low beyond this pulse time). 

This means that the energy impressed ( UIt on ) at the inter- electrode gap de- 
pends on the electrode material and polarity of the electrodes. 
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Figure 4.1: Average discharge current 

4.2 Comparison of theoretical and experimental 
results for cathode erosion 

The theoretical crater volume obtained in Sec3.3 together with the experimental 
crater volume are shown for Case A, Case B and Case C in Fig.4.2, Fig.4.3 and 
Fig.4.4, respectively. It is clearly seen from these figures that the theoretical 
crater volumes are closer to the experimental crater volumes except for Case A 
(Fig.4.2). Hence for Case A, f c as a function of second order polynomial of energy 
input is obtained by obtaining f c corresponding to 100 /isec pulse on-time. This 
is given as 

f r = 0.0067 + 0.099 (UIt m ) - 0.6096(17/t o „) 2 (4.1) 

Now the crater volume is calculated as before and plotted along with experimental 
crater volume as shown in Fig.4.5. This figure shows that the theoretical crater 
volume is very close to the experimental crater volume. This is explained as 

follows. 

For a given energy input at the inter-electrode gap, it is logical to assume that 
the volume of the equivalent crater formed at the cathode will be proportional 
to the energy impressed at the cathode. The fraction of total energy at inter- 
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Figure 4.2: Crater volume for MS(-ve)/MS(+ve) system (first order variacion of 

fc) 



Figure 4.3: Crater volume for Cu(-ve)/Cu(+ve) system 

electrode gap lost to the cathode, i.e., energy impressed at the cathode, is identical 
to the fraction of power lost to the cathode. This means that the trend of variation 
of the crater volume will be similar to that of the variation of f c with energy 
input into the system. The experimental crater volume in Case B and Case C 
(see Fig.4.2 and Fig.4.3) almost varies linearly within the given range of pulse 
time. This means that the stage 3 (see Fig.3.2) is not reached for the given range 
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Figure 4.4: Crater volume for MS(-ve)/Cu(+ve) system 



Figure 4.5: Crater volume for MS(-ve)/MS(+ve) system (second order polynomial 
of fc) 

of energy input into the system. Therefore variation of f c with energy input 
into the system upto the stage 2 (see Fig.3.2) can be considered as a first degree 
of approximation, to be a linear variation. Hence the theoretical crater volume 
calculated by assuming a linear variation of f c with energy input into the system 
resulted in very close agreement to the experimental crater volume. However, 
in Case A, the experimental crater volume increases up-to 150 /i sec and there 
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after it decreases. This means that the stage 3 (see Fig.3.2) has been reached for 
the given range of energy input in this case i.e., when the cathode as well as the 
anode material is of Mild-Steel Therefore it is appropriate to approximate } c as 
a second order polynomial of energy input. Hence the theoretical crater volume 
calculated by assuming a second order variation of f c with energy input into the 
system resulted in very close agreement to the experimental values(see Fig.4.5). 

The above results show that the PHSM developed by DiBitonto et al [14] can 
be used to estimate the erosion rate of cathode with a fair degree of accuracy, 
provided we obtain f c as a function of energy input into the system for a particular 
cathode and anode pair. However, a logical and fundamental basis is required for 
estimation of f c for a given set of experimental parameters. f c should actually 
be determinable from the physics of the problem, but that is obviously not very 
straight forward. 

4.3 Sum of cathode and anode erosion rates 

4.3.1 Similar electrode materials (Case A and Case B) 

The sum of erosion rates of the electrodes (cathode + anode) for the two cases, 
Case A (MS/ MS system) and Case B ( Cu/Cu system) is shown in Fig.4.6. The 
sum of erosion rates of the electrodes in both the cases i.e., MS/MS and Cu/Cu 
system increases upto certain pulse energy (typically 12m./) and there after it 
decreases. However, it can be seen that the sum of erosion rates in Cu/Cu system 
is greater than that in MS/MS system. If the PHSM due to DiBitonto et al. [14] is 
accepted to be applicable as stated in Sec4.2, then the only possible explanation 
is that for a given energy input, the fraction of energy lost to the two electrodes 
is more for Cu/Cu system than MS /MS system. This can be seen from Equ.3.9 
and Equ.3.10. The difference in the erosion rates will also be due to change in the 
thermal properties of the electrode material. The crater volume for Mild-Steel 
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Figure 4.6: Sum of erosion rates of MS/MS and Cu/Cu system 

as well as Copper calculated by Equ.3.6 and Equ.3.7 for a constant value of f c 
(0.02) and plotted in Fig.4.7. This figure shows that the erosion rate of Mild- 
Steel is greater than that of Copper. This difference in erosion rates is due to the 



Figure 4.7: Crater volume of MS and Cu for fc : 0.02 

thermal properties of the electrode material. But in the actual case (see Fig.4.6) 
the erosion rate of Copper is greater than that of Mild-Steel for a given energy 
input. This clearly shows that the factor f c which is much greater in Cu/Cu 
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system than MS/MS system has a dominant effect in increasing the erosion rate 
of the electrodes in Cu/Cu system. 

4.3.2 Dissimilar electrode materials (Case C and Case D) 

The sum of erosion rates of the electrodes in Case C ( M S(—ve) /Cu(+ve ) system) 
and Case D (Cu(— ve)/MS(+ve) system) is shown in Fig.4.8. As in the earlier 



Figure 4.8: Sum of erosion rates of MS(-ve)/Cu(+ve) and MS(+ve)/Cu(-ve) 
system 

case, the sum of erosion rates of both the electrodes increases upto certain pulse 
energy and there after it decreases. The decrease in sum of erosion rates in Case 
D i.e., when the cathode is Copper and anode is of Mild-Steel is very steep after 
1.8 mJ of energy. But beyond 12 raJ the sum of erosion rates is negligible. 
However in Case C i.e., when the cathode is Mild-Steel and anode is Copper, the 
rate of decrease of sum of erosion rates beyond 10 mJ is very low. It may be 
noted that the erosion rates beyond 20 nsec (see Fig.2.11) in Case D could not 
be calculated due to extremely low erosion rates of the cathode. This means the 
component of energy lost to the cathode is very low. The low erosion rates of 
the anode signifies that the fraction of energy lost to the anode is also very low. 
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Therefore, in Case D the component of energy distributed at the electrodes is 
very low and hence low sum of erosion rates. But in Case C, the sum of erosion 
rates is much greater than in Case D. This is because the component of energy 
lost to the electrodes in Case C is much greater than in case D. 

In both the above cases (Sec4.3.1 and Sec4.3.2), the sum of erosion rates 
decreases beyond certain pulse energy. This may be due to the following reason. 

At high pulse energies, in-order to keep the breakdown field constant, the 
electrode gap spacing increases. This results in higher amount of heat loss, radial 
diffusion of ions and redeposition between cathode and the anode. Therefore the 
component of enorg/ distributed at the electrodes decreases. Hence the amount 
of material eroded from both the electrode decreases which results in the decrease 
in the sum of erosion rates of the electrodes at high pulse energies. 

4.4 Polarity effect 

The only difference in Case C and Case D is the polarity of the electrodes. This 
change in polarity has resulted in a huge difference in the erosion rates of the 
electrodes (see Fig.2.8 and Fig.2.11). The sum of erosion rates of the electrodes 
in Case C is also much greater than in Case D as discussed in Sec4.3.2 (see 

Fig.4.8). 

The energy supplied at the inter-electrode gap is lost into the system elements 
(i.e., cathode, anode, and dielectric), radiation and some other for ms of energy. 
This can be written as 


Total energy input(£) 
=>■ 1 


E e + E w + Ed + E r 

^ + ^4.^4 .*1 

E E E E 


=> 1 — fc + fa + Id + fr 


(4.2) 


If material removal from an electrode pair in a given dielectric is independent 
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of the polarity of the electrodes then changing the polarity should not alter the 
sum of erosion rates. But Fig.4.8 shows clearly that when the polarity of Cu 
is changed, the total erosion volume changes drastically. This is more for MS(- 

ve)/Cu(-f-ve) system than Cu(-ve)/MS(+ve) system. Therefore from Equ.4.2, we 
have 

for Case C, 1 = (/' + /') + /$ + /; 

and for Case D, 1 = (/'' + /'') + f'f + f” 

Concluding from Fig.4.8, therefore 

(/" + id < (/; + a ( 4 . 3 ) 

Now, if radiation and other forms of losses which are not accounted for are same 
in both the cases i.e., /' = f", then obviously f'J > f d . This implies that 
more energy is available in the dielectric media. This should result in higher 
temperature rise of the dielectric in Case D. This investigation was not taken up 
in the course of present work and is suggested as a future task. 

On the other-hand if the energy lost to the dielectric is same in both the cases 
i.e., fd — fd) fh en f" > K i- e -> radiation losses and other losses which are not 
accounted for has to be higher in Case D (when the cathode is Cu) than in Case 
C. This aspect can be investigated by resorting to measurement of energy due 
to ultra-violet, infra-red and visible light in the discharge and is proposed as a 
future task. 

4.5 Influence of Anode material on the erosion 
rates of the cathode material 

The variation of the erosion rates of the cathode material with different anode 
material has been studied in two cases as discussed below. 
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4.5.1 Erosion rate of Mild-Steel as cathode material with 
different anode material 

Comparison of Case A and Case C 
Cathode : Mild-Steel 
Anode : Mild-Steel, Copper 

From Table 2.1 it can be seen that the cathode material in both Case A and 
Case C is Mild-Steel while the anode is Mild-Steel and Copper, respectively. In 
both the cases, the erosion rate of the cathode is more than the erosion rate of 
the anode (see Fig.2.2 and Fig.2.8). The erosion rates of the cathode in these 
two combinations of electrode pair is shown in Fig.4.9. It can be seen from 



Figure 4.9: Erosion rate of MS (Cathode) when the Anode material is MS and 
Cu 

Fig.4.9 that the erosion rate of Mild-Steel increases by about 10 times when the 
anode material is changed from Mild-Steel to Copper. This shows that when the 
anode material is Copper, greater fraction of power is lost to the cathode (Mild- 
' Steel) than when the anode material is Mild-Steel. The mechanism of erosion, 
energy distribution and dynamics of plasma may not be exactly identical. The 
erosion rate of the cathode (Mild-Steel) becomes maximum at higher pulse times 
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when the anode is of Copper than when it is Mild-Steel. The decrease in the 
erosion rate after the optimum pulse time is low in Case C, whereas the erosion 
rate decreases drastically in Case A after optimum pulse time. In practice, in 
addition to maximum material removal rate, the selection of tool depends upon 
many other factors, the most important of which is work-tool erosion ratio. This 
factor becomes more important when the manufacturing of the tool is very costly 
or high accuracy of machining i.e., minimum erosion of tool, has to be maintained. 
This means that the work-tool erosion ratio should be maximum. The work-tool 
erosion ratio decreases after a certain pulse time, typically 10 nsec, when the 
anode is Mild-Steel (see Fig.2.3) whereas it increases when the anode is of Copper 

(see Fig.2.9). However, the WTER in Case C i.e., when anode is Copper, is much 

\ 

greater than that in Case A i.e., when anode is Mild-Steel. Therefore when the 
interest is of high erosion rate of Mild-Steel and at the same time maintain high 
accuracy of machining, Copper should be prefered to Mild-Steel as anode (tool) 
and the machining be done at high pulse times. This inference may be extended 
to machining of die-steels. 

However for high surface finish of the work-piece (Mild-Steel), the combination 
which gives lower erosion rates should be prefered i.e., the Mild-Steel may be 
prefered to Copper for the tool (anode). Further work on this aspect is suggested. 

4.5.2 Erosion rate of Copper as cathode material with 
different anode material 

Comparison of Case B and Case D 

Cathode : Copper 

Anode : Copper, Mild-Steel 

From Table 2.1 it can be seen that the cathode in both the Case B and Case D 
is Copper while anode is of Copper and Mild-Steel respectively. In Case B, upto 
about 5 n$ec (see Fig.2.5), the erosion rate of cathode(Copper) is very close to 
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that of the anode (Copper); the difference in the erosion rates being negligible. 
But after about 5 psec, the erosion rate of the cathode is much more that of 
the anode. In Case D (see Fig.2.11), the erosion rate of anode (Mild-Steel) is 
more than that of the cathode (Copper) for the whole range of pulse times. The 
erosion rate of cathode (copper) in these two combinations of electrode pair i.e., 
Case B and Case D is shown in Fig.4.10. 



Figure 4.10: Erosion rate of Cu(Cathode) when the Anode material is MS and 

Cu 

It can be seen from Fig.4.10 that the erosion rate of Copper is negligible after 
10 (i sec when the anode is of Mild-Steel. The erosion rate of cathode (Copper) 
almost follows the similar curve up-to 5 psec in both the cases. However, beyond 
that the erosion rate of the cathode (Copper) is significantly more when the anode 
is of Copper than Mild-Steel. This clearly shows that the fraction of power lost to 
the cathode (Copper) is much more when the anode is also of Copper than Mtld - 
Steel. The erosion rate of cathode (copper) attains maximum at higher pulse times 
when the anode is of Copper rather than Mild-Steel. The erosion rate decreases 
drastically between 5 psec to 20 psec and thereafter remains almost negligible 
when the anode is of Mild-Steel. However, the rate of decrease of erosion rate 
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of the cathode (Copper) when the anode is of Copper is relatively lower. The 
work-tool erosion ratio decreases when the anode is of Mild-Steel (see Fig-2.12) 
whereas it increases when the anode is of Copper (see Fig.2.6) with pulse on-time. 
However the WTER in Case B increases rapidly only upto certain pulse on-time 
and beyond that the rate of increase is less. Therefore, for high erosion rate and 
at the same time maintain high accuracy of the machining of Copper, Copper 
should be preferred to Mild-Steel as anode and machining can be done for a wide 
range of pulse on-time (typically 80 psec to 200 nsec). 

From the discussion in Sec4.5.1 and Sec4.5.2 it can be said that by changing 
the anode material, the erosion rates of the cathode can be changed drastically. 
Copper as anode results in greater fraction of power lost to the cathode (Cu or 
MS) when compared to Mild- Steel as anode. This brings out a significant role 
of Cu as an electrode. Besides the usual thermal properties of Cu, its funda- 
mental electronic properties like work function, fermi energy, emissivity etc may 
be of significance. This could influence the erosion mechanism. Therefore for 
the economical machining (high material removal rate) of Mild-Steel or Copper, 
the work-piece should be connected to the cathode and Copper be preferred to 
Mild-Steel for tool (anode). 

4.6 Influence of Cathode material on the ero- 
sion rates of the Anode material 

The variation of the erosion rates of the anode material with different cathode 
material has been studied in two cases as discussed below. 

4.6.1 Erosion rate of Mild-Steel as anode material with 
different cathode material 

Comparison of Case A and Case D 
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Anode : Mild-Steel 
Cathode : Mild-Steel, Copper 

From Table 2.1 it can be seen that the anode material in Case A and Case D is 
Mild-Steel while the cathode is Mild-Steel and Copper, respectively. In Case A 
i.e., when the cathode is Mild-Steel, the erosion rate of anode (Mild-Steel) is less 
than that of the cathode (see Fig.2.2). But when the cathode material is changed 
from Mild-Steel to Copper, the erosion rate of the anode is more than that of the 
cathode (see Fig. 2. 11). The erosion rates of anode (Mild-Steel) in these two pair 
of electrode material combination is shown in Fig.4.11. 
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Figure 4.11: Erosion rate of MS(Anode) when the Cathode material is MS and 
Cu 

Upto 10 (ixcc the erosion rate of the anode (Mild-Steel) is more when the 
cathode is Copper. But beyond 10 fisec, Mild-Steel as Cathode erodes more 
material from anode (Mild-Steel) than Copper as cathode. The erosion rates of 
the anode becomes almost negligible beyond 20 fisec when the cathode is Copper. 
However the rate of decrease of erosion rates of the anode (Mild-Steel) is very 
low beyond optimum pulse time (typically 20 „sec) when the cathode material 

is Mild-Steel. 
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4.6.2 Erosion rate of Copper as anode material with dif- 
ferent cathode material 

Comparison of Case B and Case C 

Anode : Copper 

Cathode : Mild-Steel, Copper 

From Table 2.1 it can be seen that the anode material in both Case B and Case 
C is Copper while cathode is of Mild-Steel and Copper respectively. The erosion 
rate of anode (Copper) is less than that of the cathode when the cathode is either 
Mild-Steel or Copper (see Fig.2.5 and Fig.2.8). However Fig.4.12 clearly shows 
that the magnitude of the erosion rates of the anode (Copper) varies considerably 
when the cathode is changed from Mild-Steel to Copper. 



Figure 4.12: Erosion rate of Cu(Anode) when the Cathode material is MS and 
Cu 


Mild-Steel as cathode material results in greater erosion from the anode (Cop- 
per) for a wide range of pulse on-time when compared to Copper as cathode 
material. However beyond 180 fxsec, copper as cathode results in more material 
removal from the anode (Copper) than Mild-Steel as cathode. Material removal 
rate of Copper (anode) attains maximum at low pulse times when the cathode 
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is either Copper or Mild-Steel. However the decrease in material removal rate of 
the anode(Copper) is more steep when the cathode material is Mild-Steel when 
compared to that when the cathode material is Copper. 

From the results discussed in Sec4.6 and Sec4.7 it can be said that for a given 
energy input into the system, the fraction of power lost to one electrode depends 
strongly on the other electrode material. This factor is responsible for the change 
in erosion rate of one electrode (cathode or anode) when the other electrode 
material (anode or cathode) is changed. 



Chapter 5 

CONCLUSIONS 


5.1 Conclusions 

In the present work, electric discharge machining on four sets of electrode pair i.e., 
MS(-ve)/MS(+ve), Cu(-ve)/Cu(+ve), MS(-ve)/Cu(+ve) and Cu(-ve)/MS(+ve), 
has been carried out and the following conclusions have been derived. 

1. In MS(-ve)/MS(+ve), Cu(-ve)/Cu(+ve) and MS(-ve)/Cu(+ve) system, the 
erosion rate of the cathode is more than that of anode. But in Cu(-ve) / M- 
S(+ve) system, the erosion rate of anode is greater than the cathode. This 
may be due to the difference in distribution of energy at the cathode and 
anode, for a given set of parameters, which depends upon the electrode 
material and polarity of the electrodes. 

2. The PHSM due to DiBitonto et al.[14] has been studied with the experi- 
mental results for four sets of electrode pair. The experimental results have 
been compared with the results of other researchers whereever possible. It 
has been concluded that the PHSM can be used to predict the erosion rate 
of the cathode, for a given electrode pair, with a fair degree of accuracy 
provided we obtain the factor f c as a function of energy input into the 
system. 
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3. Greater component of pulse energy is transmitted to the electrodes in the 
Cu(-ve)/Cu(+ve) system than in MS(-ve)/MS(+ve) system. This means 
that the loss of energy into the dielectric and other forms of radiation energy 
such as ultra-violet, infra-red, visible light etc is more in MS(-ve)/MS(+ve) 
system than in Cu(-ve)/Cu(+ve) system. 

4. The study has shown that an electrode (anode or cathode) has a significant 
effect on the distribution of energy at the other electrode (cathode or an- 
ode). Copper as anode results in greater fraction of energy distributed at 
the cathode (MS or Cu) when compared to MS. 

5. Polarity of the electrodes has a significant effect on the distribution of energy 
into the system elements. The energy transmitted to the electrodes in MS(- 
ve)/Cu system is significantly greater than that in the Cu(-ve)/MS system. 
Hence it has been postulated that the energy lost into the dielectric will be 
more in Cu(-ve)/MS system than in MS(-ve)/Cu system. This may result 
in much increase in temperature of the dielectric in Cu(-ve)/MS system 
than in MS(-ve)/Cu system. 

5.2 Scope for future work 

L The electrode material properties which influence the distribution of energy 
into the electrodes with change in polarity has to be studied. Then a theo- 
retical model can be developed to obtain the fraction of power distributed 
at the electrodes as a function of energy input into the system, polarity of 
the electrodes and electrode material properties. 

2. The temperature of the dielectric can be investigated for different polarities 
of an electrode pair. Hence the component of energy lost into the dielec- 
tric and in other forms of energy such as ultra-violet radiation, infra-red 
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radiation, visible light etc can be obtained. 

3. The Expanding circle heat source model (ECHSM) model developed by 
Patel et al. [15] for the anode erosion can be studied with experimental 
results to investigate the influence of different machining parameters on the 
erosion rate. 

4. Erosion rates of both the electrodes should be evaluated using Pointed heat 
source model (PHSM) and Expanding circle heat source model (ECHSM). 
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Appendix A 


CLAIBRATION CHART FOR R-35 GENERATOR 
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The values against r position is the pulse off-time for the corresponding pulse 
on-time. 
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